Low-temperature CVD method has been investigated f o r siliconnitride films by using higher silanes and hydrazine aiming a t thin-film transistor application. The deposition temperature has been reduced t o as low as 350°c, i.e.. by about 4 0 0~~ lower than t h e typical temperature. Atomic N/Si ratio was more than 4/3, i.e., the film was stoichiometric SiN, and hydrogen content was as high as 20 atomic%. Breakdown field strength, spec' ic r e s i s t i v i t 1g M I interface s t a t e density were about GMV/cm. 6x10 Q cm and lx I~'~Z'~V-', respectkely.
Introduction
Much attention has been paid recently t o low-temperature (less than 400'~) deposition method of silicon-nitride (SiN), since t h e SiN film deposited a t lowtemperatures is useful a s a passivation layer f o r VLSI chips and a gate insulator f o r amorphous-silicon thin-film transistors (a-Si TFTs) in flat-panel displays./l/ Plasma-enhanced CVD (PCVD)/2/ is the most representative method for low-temperature deposition of SIN, where s i l a n e (SiH4) and ammonia (NH3) a r e the commonly used s o u r c e gases. This i s because plasma can c r a c k t h e thermally s t a b l e s o u r c e molecules t o reduce drastically the deposition temperature from as high a s 800'~ to l e s s than 250'~. The PCVD method, however, has serious shortcomings; (1) high energy electrons and ions generated in plasma introduce damages in the deposited SIN film, (2) plasma-polymerization generates many flakes in the PCVD chamber, resulting i n dense pin-holes in the film, and (3) through-put is low since a number of s u b s t r a t e s can not be loaded in a stack-like manner into the PCVD chamber. Though these shortcomings are minor in a solar cell application, they cause serious problem in the TFT application. This is becausf the device impedance is as high a s f 10"gcm f o r TFTs while it is as low a s lOOQcm f o r solar cells.
Since these shortcomings a r e caused by plasma, plasma-free deposition, i.e., thermal-CVD/3/ w i l l solve a l l problems mentioned above. This method, however, has been considered f o r a long time difficult to be applied into the a-Si TFT process since high temperature is needed to decompose SH4 and NH3.
Yoshioka and Takayanagi reported/4/ that by using hydrazine (N2H4) instead of NH3 the SiN CVD temperature can be reduced t o 600°c, i.e., by about 2 0 0~~ lower than the typical temperature. This temperature, however, is still too high to form t h e VLSI passivation l a y e r o r t h e a-Si TFT g a t e i n s u l a t o r . Since deposition kinetics a r e governed by decomposition mechanism of SiH4 but not by that of N Hq. the temperature w i l l be reduced further by replacing SiH4 t o higher-silanes suchZ as disilane (Si2H6) o r t r i s i l a n e (Si3H8)/5,6,7,8/, which a r e commercially available now-a-day.
W e have thus investigated the low-temperature CVD of SIN and a-Si films using h i g h e r -s i l a n e s and hydrazine. High performance CVD a-Si/SiN TFT h a s been demonstrated recently/9/, and t h e optimum CVD conditions f o r the a-Si film have Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jp4:1991298 C2-832 JOURNAL DE PHYSIQUE IV been reported elsewhere./lO,ll/ In t h i s paper, we present f o r t h e f i r s t time t h e low-temperature SIN CVD characteristics and its film properties.
Deposition System
Deposition system used in t h i s work is shown schematically i n Fig. 1 . The reaction chamber was of a Pyrex tube with a diameter of lOcm and a length of 50cm. I t was evacuated by a rotary pump. Samples were heated by a ceramic heater placed a t t h e center of the chamber and t h e substrate temperature was monitored by a thermocouple.
Source gases are Si2H6 o r Si3H8 and N H whose decomposition temperatures are considerably lower than those of SiH4 an3 % H~, respectively. Since N2H4 is liquid a t room temperature, it was introduced into the chamber by using N2 as carrier gas. Flow rate of N carrier gas was fixed a t 40sccm, and the N H flow rate was changed 204 by adjusting t i e bubbler temperature between 25'~ and 60 C. The carrier gas was introduced from the top of the chamber t o establish a laminar flow condition. The gas was pre-heated t o 575O~ just at the inlet in order t o suppress cooling of the substrate surface. The flow r a t e of Si H6 (or Si3H ) gas was fixed a t 0.6sccm (or 0.3sccm). The gas was blown over the si?bstrate surface directly. The chamber was pumped t o less than 5mTorr before the deposition, and the pressure in the chamber during the deposition was kept constant by adjusting an exhaust valve. 
Deposition Characteristics
Deposition rate is shown by open circles in Fig. 2 as a function of reciprocal substrate temperature Tsub. The N2H4 flow rate and the total pressure were kept a t 4.85sccm and 100Torr. respectively. A Si2H6-N2Hg gas mixture can deposit t h e SIN film a t substrate temperatures of as low a s 400 C. The temperature reduction was more than 2 0 0~~. The logarithmic deposition rate was proportional t o the reciprocal temperature f o r temperatures of l e s s than 4 5 0~~. and its activation energy was 32kcal/mol which is approximately'equal to energy of N-N bond breaking/l2/. Above 450°c, deposition rate had a tendency of saturation.
W e have attempted t o deposit SIN films a t lower temperatures by using Si3H8 instead of SiZH . Results a r e also shown as closed circles in Fig. 2 where the N H4 flow rate was 4.85sccm. The deposition temperature was reduced further. But &e activation energy was also 32kcal/mol, the refractive index was more than 2.1, and the film resistivity was low. Thus we have concluded that t h e deposition kinetics were predominantly controlled by decomposition mechanism of hydrazine, and that the f i l m i s s i l i c o n -r i c h . F o r forming t h e good i n s u l a t i n g SIN film a t lower temperatures using trisilane, the new nitrogen source gas should be developed. 
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Film Properties
Compositional properties of the SIN films formed from a Si2H6-N2H gas mixture have been evaluated by infrared absorption spectroscopy (FTIR), x-ray pftotoeiectron spectroscopy (XPS). Electrical properties of the film have been also evaluated from view points of breakdown field strength, resistivity, dielectric constant and MIS interface s t a t e density.
4-1. Effects of N2H4/Si2H6 Flow Rate Ratio
The Si2H6 flow r a t e was kept constant a t O.6sccm and the N2H4 flow r a t e was varied from Table I 0.75sccm t o 4.85sccm by changing t h e bubbler temperature. The deposition temperature was f i x e d a t 485O~. Since t h e t o t a l flow r a t e is Tsub : 485O~ changed with the N2H4 flow rate and a gas volume Si2H6 : O.6sccm is increased t o 3 times by decomposing N2H4 to N2H4 : 0.75--4.85sccm N2 and H2, we have changed the total pressure to P : 76-100Torr keep a residence time constant. The chamber pressure was thus be'tween 76Torr and 100Torr. Detailed depositlon conditions a r e shown in Table I .
4-1-1. Chemical Properties
The deposition rate and the refractive index are shown in Fig. 3 The deposition r a t e decreased steadily with increasing R. This may be caused by reduced number of deposition s i t e s a t the SiN surface during the deposition, since H atoms l e f t from N H4 molecules w i l l effectively terminate t h e Si and N dangling bonds a t the surface. The refractive index was 2.15 and the etching r a t e was O.lnm/sec a t low R of 1.25. With increasing R, the refractive index decreased rapidly, and was s a t u r a t e d a t 1.83 at R=3. With increasing R, t h e etching r a t e increased, i t took a peak value a t R=3, then changed t o decrease and was saturated a t 2.4nm/min f o r R l a r g e r than 5. The etching r a t e is l a r g e and t h e refractive index is small compared with typical values of the CVD SIN film./l3/ But these values are approxfmately the same to those of the good PCVD SIN film./l4/
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The atomic component of SIN films evaluated by the photoelectron spectrum intensity r a t i o N /Si and 0 s/Si2 of XPS (S.S.I.:SSX-100) were shown in Fig. 4 . The atomic r a t i o f / /~i 2&creasei r a p f i l y from 0.74 with increasing R, reached t h e stoichiometric value of 1.33 a t R=5 and then saturated. The O/Si r a t i o decreased rapidly with increasing R f o r small R and w a s saturated a t 0.05 f o r R larger than 3. This does n o t mean t h a t t h e r e was dense oxygen in t h e deposited film since we must take into account native oxide formed a t t h e surface during storage of t h e sample. I t should be noted that RBS measurement showed no clear peak of oxygen f o r the films deposited under R>3 conditions. I t i n c r e a s e d r a p i d l y w i t h R a n d was s a t u r a t e d a t 6.4~10 5~c m f o r R>3. The breakdown field strength, defined by the field strength a t 2 l~A / c m leakage current, was 1.8MV/cm at Rs1.25, increased rapidly with R and took more than G.OMV/cm at R=8.1. MIS characteristics have been measured a t a frequency of 100kHz. I t showed a t y p i c a l high-frequency curve. Dielectric c o n s t a n t estimated from accumulation c o n d i t i o n s of t h e MIS c a p a c i t o r a r e shown a l s o in Fig. 6 . I t was 8.5 a t R=1.25, d e c r e a s e d with i n c r e a s i n g R, and s a t u r a t e d a t 6.5 f o r high R. The h y s t e r i s i s voltage width of t h e C-V curve was 2.4V a t R=1.25 and decreased with increasing R.
There was no apparent h y s t e r i s i s f o r t h e film deposited a t R=8.1. The i n t e r f a c e s t a t e l $ e n s _~t y -~i s t r i b u t i o n was o f a V-shaped form and t h e minimum v a l u wa 1 . 0~1 0 cm eV a t Rz1.25, decreased with increasing R, and was l.O~lO~~cm-'eV-~ a t R=8.1. These r e s u l t s mean t h a t e l e c t r i c a l p r o p e r t i e s of t h e SiN film a r e improved by increasing R. Dominant o r i g i n of t h i s improvement i s t h a t t h e film becomes stoichiometric, resulting in the reduction of deep t r a p density.
I t was concluded t h a t t h e CVD SIN film deposited a t R=8.1 and 4 8 5 '~ have e l e c t r i c properties b e t t e r than t h e PCVD SiN film. The high performance a-SiTFTs have been demonstrated using the CVD SIN gate formed under these conditions./9.10/ Hydro en content has been evaluated from FTIR spectrum. There were large peaks a t 2160cn1-~ and 3350cm-l, which can be a t t r i b u t e d t o Si-H and N-H bondings. respectively. Hydrogen content was calculated by using a formula proposed by W.A.Lanford./lG/ The r e s u l t s were a l s o shown in Fig. 7 . A t t h e d e p o s i t i o n temperature of 4 0 0~~. total hydrogen content was 15atomic% and number of Si-H bonds was approximately the same with that of N-H bonds. With increasing the temperature, the number of Si-H bonds decreased gradually due to thermal breaking of Si-H bond. but the number of N-H bonds increased rapidly due to the increased N content. Thus total hyaogen content was increased with temperature. The N-H bondings, however. begin t o break a t about 475'~ since N-H bonding energy of 85kcal/mol is only a l i t t l e l a r g e r than Si-H bonding energy of 70.4kcal/mo1./17,18/ Thus t h e hydrogen content took the highest value of about 2latomic% a t the temperature of 475OC and i t decreased rapidly with temperature.
4-2-2. Electrical Properties
The resistivity, t h e breakdown field s t r e n g t h and d i e l e c t r i c constant a r e shown in Fig. 8 a s the function of the deposition temperature. The resistivity was ~. 2 x 1 0~~~c m a t 400'~. And it increased with increasing t h e temperature and took ; . 4~1 0~~~c m a t 525'~. The breakdown field strength was 6.5MV/cm a t 400°c, decreased uith increasing t h e temperature and took 6MV/cm at 525O~. The dielectric constant Lncreased from 5.7 t o 6.6 with increasing t h e temperature from 4 0 0~~ t o 525'~, r e s p e c t i v e l y . The f a c t t h a t t h e breakdown f i e l d s t r e n g t h was r e d u c e d with Lncreasing t h e temperature does n o t mean t h a t t h e high temperature r e s u l t s i n lnferior SIN film properties. High breakdown field strength at low temperature is zaused by dense oxygen in t h e film, i.e., the film was SiON. I t should be concluded that the film deposited at 400'~ has still t h e similar properties with the PCVD SIN film, and t h a t it is also acceptable f o r the TFT gate insulator./S/
Conclusion
Higher silanes and hydrazine gas mixture reduces the SIN CVD temperature to l e s s than 350'~. The film contains hydrogen of more than 15atomic% and becomes stoichiometric by increasing e i t h e r t h e deposition temperature o r t h e N2H4/Si2H4 gas flow r a t e ratio.
Since the CM SiN film has good electric properties a s the PCVD film, the low temperature CVD method is very attractive due t o following reasons. Firstly, there is only a few particles in t h e chamber, which cause the most serious problem in the present a-Si TFT process. Secondly, SIN can be deposited simultaneously on many substrates in t h e chamber./l9/ These advantages of CVD method, i.e., high yield and high throughput make the method very attractive f o r the a-Si TFTs process.
